ABSTRACT: Bridge scour has long been identified as the major cause to bridge failures. This paper presents the results of an experimental study on the effectiveness of two newly-proposed scour countermeasures, namely streamlining and biocementation, which are inspired by nature. On one hand, borrowing ideas from the streamlined body shape of boxfish and blue shark, this study introduces streamlining features to bridge piers in order to reduce the flow intensities in the vicinity of bridge piers. Based on the numerical results of a pier streamlining optimization study previously conducted, four small-scale pier models with different streamlining levels were constructed using 3D printing techniques and flume tests were conducted to characterize the scour process around these models. On the other hand, microbial induced carbonate precipitation (MICP) is an emerging technique in geotechnical engineering. It precipitates carbonate that binds soil particles together and thus improves soil properties. In this study, a standard soil, Ottawa graded sand, was treated with bacteria (Sporosarcina pasteurii) in a full-contact reactor where the soil in a fabric mold was fully immersed in bacteria and cementation solution. The treated sample was tested in a flume to investigate the effectiveness of MICP on bridge scour control. The experimental results reveal that both streamlining and biocementation can significantly reduce or even fully prevent the scour around the model bridge piers under the laboratory testing conditions.
INTRODUCTION
Bridge local scour-the erosion or, specifically, the entrainment and transportation of sediment materials in the vicinity of bridge piers-is widely recognized as one of the most critical causes for bridge failure (Landers 1992) . Consequently, development and effectiveness evaluation of scour countermeasures have become a primary interest of engineers. Bridge scour countermeasures commonly used in practice, along with their design guidelines, are included in the Hydraulic Engineering Circular (HEC) No. 23 (Lagasse et al. 2009) and No. 18 (Arneson et al. 2012) . However, most of these countermeasures are subject to service life limitations and require periodic inspection, which increases costs in the long run. Moreover, reports on failure of scour countermeasures such as riprap are not uncommon. Consequently, persistent efforts have been made by researchers to seek more robust and costeffective scour countermeasure alternatives (El-Ghorab 2013) .
As a continuing effort to explore scour countermeasures, this paper proposed pier streamlining and biocementation, the idea of which were both inspired by natural creatures, as potential alternatives to reduce scour potential. Firstly, streamlining features such as sloped slope and concaved sidewalls were introduced to bridge piers in order to help reduce flow intensity in the local zone. Streamlining morphologies for swimming fishes are essential characteristics contributing to their high swimming efficiency. Boxfish has highly concaved sides and experimental measurements confirmed that the side concavity helps channel the flow and elevates the location of generated vortices to the location of maximum concavity (Bartol et al. 2002) . As another example, the cross-section profile of blue shark P. glauca contains a concave area on each side and flow velocity magnitude is reduced along the concave areas (Smith and Caldwell, 2009) . Previously, the authors have conducted numerical studies (Li and Tao 2015a; Li and Tao 2015b) to optimize the streamlined pier configuration that would minimize the scour potential. To further validate the streamlining effect on scour control, the present study conducted a series of flume tests under clear-water conditions.
In addition to pier streamlining, this paper also experimentally investigated the effectiveness of an alternative approach, namely biocementation, in bridge scour control. This approach allows the geomaterials to be improved in-situ using the emerging sustainable ground improvement method: Microbial Induced Calcite Precipitation (MICP). MICP is a bio-geochemical process that induces calcium carbonate precipitation within the soil matrix as a result of microbial metabolic activity. Some soil bacteria such as Sporosarcina pasteurii (ATCC 11859) produce urease enzyme from metabolic activities. The urease can catalyze the hydrolysis of urea, producing ammonium and carbonate and increasing the pH value of the environment (Eq. 1). When calcium exists in the environment, calcium carbonate will precipitate (Eq. 2) (Al Qabany et al. 2011; DeJong et al. 2006) . Numerous studies have shown that the precipitated carbonate can bond the soil particles together, thus effectively modify soil properties including shear strength, stiffness, permeability and etc. (Whiffin et al. 2007) . In this paper, the potential of applying MICP in bridge scour control is explored through simple flume tests.
EXPERIMENTAL SETUP AND PROCEDURE

The Flume
All experiments were carried out in a Plexiglas-sided recirculating flume with a length of 3 m, a width of 0.3 m and a depth of 0.45 m. A freely-moving carriage was mounted on the flume top to carry the scour depth-measuring point gauge, which has an accuracy of 0.1 mm. The discharging rate Q could be adjusted by the control valve of pipe connecting to water pumps, and the flow depth h could be adjusted using a tailgate fitted at the end of flume. A sand recess (0.9m×0.3m×0.08m) was positioned 1.2 m downstream of the flume inlet to retain the Ottawa sand used as bed materials.
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Test Cases and Test Conditions
A total of four test cases were included in the first experiment set to study the streamlining effect. Test conditions were kept the same for all cases except the pier geometries, which had sequentially increasing extents of streamlining, as shown in FIG.1. These features were adopted from a previous numerical optimization study by the authors (Li and Tao 2016) . For pier models used in this study, the pier width b was 30 mm. Pier height and flow depth were approximately 10 cm. Other geometric configurations of the pier, such as nose sloping and sidewall concaving curvature, are referred to previous optimization study (Li and Tao 2016) . For each test case, the pier was vertically mounted at the centerline of a location that is about 2.5 m downstream of flume inlet, with its long axis aligned with the flow direction. The pier body that was embedded into the initial sediment bed surface was extruded vertically from the bottom cross section of each pier model, as shown in FIG.1 . The depth-averaged inlet velocity U was maintained at a constant 0.19 m/s to ensure clear-water conditions. Uniform Ottawa sand with d 50 of 0.7mm is used in the first test set.
FIG. 1 Pier geometry for all four test cases in the first experiment set.
In the second test set to evaluate MICP approach, Ottawa graded sand 20-30 with a d 50 of 0.33mm was used. Bacteria Sporosarcina pasteurii (ATCC 11859), urea and cementation media was mixed with the sand to obtain the MICPtreated sample (18cm×15cm×4cm) after curing for 7 days. The specific concentrations used to prepare the sample were based on Stocks-Fischer et al. (1999) . Due to manuscript length limit, the MICP sample preparation process is not discussed in detail herein. Morphology and distribution of the precipitated calcium carbonate within the treated sample were examined using scanning electron microscopy (SEM), as shown in FIG.2. Comparing to the unbonded sub-round particles of untreated sand in FIG.2(a) , the SEM images of MICPtreated sample in FIG.2(b-f) clearly showed that sand particles were bonded together with carbonate precipitations both on the open surface of the particles and at the contact areas. Energy dispersive X-ray (EDX) and X-Ray Diffractometer (XRD) tests were performed to confirm the chemical composition of Calcium carbonate. An average CaCO 3 content of 3.86% to 7% was determined in the MICP-treated sample, varying from sample bottom to top surface. The second test set also included four test cases in total and the test configurations are illustrated in FIG.3 . In order to isolate the MICP effect, only pier#1 (oblong shape) in FIG.1 was used in the second test set. Case #1 is a control scour test in which only untreated sand was involved. In Case #2, the treated sand sample was placed in front of the pier, while the centerline of the sample aligned with that of the pier (FIG.3a) . In Case #3 and 4, a slot was created in the treated sample so that the pier can be placed inside as shown in  FIG.3(b) . In order to satisfy clear-water conditions, the depth-averaged inlet velocity was set as about 0.15m/s for testing Cases #2, 3 and 4. Such a magnitude was determined as 70% of the critical velocity for the Ottawa graded sand (d 50 =0.33mm). Case #4 was conducted to model the live-bed scour condition, for which the inlet velocity was set as the limit of the flume (about 0.5 m/s).
Test Procedure
All test cases in the first test set were conducted under steady turbulent flow and clear-water conditions. Firstly, the sediment bed was prepared by sprinkling Ottawa sand into the flume recess and leveled by a wooden screed. Next, the sand bed was saturated for at least one hour. The inlet discharge was then gradually increased to the desired value (0.19 m/s). For each test, a Vernier
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Vaterite on Sand Surface point gauge was used to measure the time evolution of maximum scour depth. Each test case was run for a period nominally expected to be sufficient to reach the equilibrium scour stage, which was considered to be achieved when a negligible (<0.5 mm) variation in the maximum scour depth was observed at an interval of 2 hours after running for 24 hours. Procedure for the second test set is similar to the first set, except that the depth-averaged inlet velocity is set as 0.15m/s for the first 3 cases and 0.5m/s for Case #4. Time evolution of the maximum scour depth for all cases in the first test set is compared in FIG.4(a) , which shows that scour depth is significantly decreased as the streamlining extent increases. The maximum scour depth at equilibrium in Case 3 has the smallest magnitude, which is approximately 1/3 of that in Case 1. Furthermore, the scour rates in Case 2, Case 3 and Case 4 are much smaller than that in Case 1. This may imply a potential for additional benefits from pier streamlining in the case of a rapid flooding event. Surprisingly, the most streamlined pier in Case 4 results in a similar magnitude at the maximum scour depth at equilibrium as with Case 2 . FIG.4(b) compares the volume of the sand eroded from the scour hole in front of the piers, and it reveals that the pier streamlining significantly reduces the volume of eroded bed material. In the previous numerical study by the authors (Li and Tao 2016) , the presence of sediment was not considered, and the simulation results suggested that there was a 39% reduction in the maximum bed shear stress from Case 1 to Case 3. By comparison, in the present experiment study that takes into account the flow-sediment interaction, the maximum scour depth and total eroded volume for Case 3 are only about 33% and 10% of those in Case 1, respectively. The benefits gained from pier streamlining are proven to be significant.
EFFECTIVENESS OF PIER
Contour of the scoured bed morphology at final state was reported in FIG.5 for all cases using the Structure from Motion (SfM) technique (Westoby et al. 2012) , which is able to reconstruct a 3-D scene using overlapping photos taken from different angles. Two open source software applications, VisualSFM (Wu 2013) and CloudCompare (2015) , were employed to generate the digital elevation model from overlapping photos of the scour bed. FIG.5 shows that the scour hole was developed within a smaller region upstream of the streamlined piers, especially for the pier in Case 3. A certain amount of scoured sediment particles was deposited beside the piers in Cases 1, 2 and 4; in comparison, sand particles eroded from upstream were deposited relatively uniformly downstream of the pier in Case 3. This indicates that a much weaker wake vortex formed in Case 3 than in other cases. This section presents experimental results from the second test set. FIG.6 compares the time evolution of maximum scour depth and scoured bed morphology at equilibrium state among Cases #1, #2, and #3. In the control scour test Case#1, the maximum scour depth increased fast in the first 2 hours and then increased gradually until an equilibrium depth of about 25 mm was reached after a total of 20 hours (FIG.6a and 6b) . The scour hole has a shape of a horseshoe; the scour depth reaches its maximum at the upstream nose of the pier and gradually decreases away from the pier. Deposition occurs around the downstream nose. In Case#2, while the treated region keeps intact, scour hole started to develop at the immediate downstream of the treated sample, surrounding the upstream nose of the pier (FIG.6c) . For test Case#3, however, the erosion was negligible (FIG.6a, 6d) . Case #4 modeled the live-bed scour condition where the inlet velocity was much larger than the clear-water condition. Such conditions represent the extreme flow conditions caused by severe precipitation or flooding events. It was found that the sediment particles started to be eroded at the boundaries of the treated sample. This erosion model is similar to the undermining erosion or contact erosion. When the erosion depth kept increasing and became larger than the thickness of the treated sample, the treated sample was entirely undermined and lost the support (FIG.7a) . As a result, differential settlement was observed and eventually the pier and the treated sample failed by tilting (FIG.7b) . 
CONCLUSIONS AND LIMITATIONS
This paper presents the results of experimental study on the effectiveness of two bio-inspired bridge scour countermeasures, namely the pier streamlining and biocementation (MICP approach). Test results from the first test set confirm that pier streamlining can serve as an effective scour countermeasure alternative or at least a supplementary measure to existing scour control measures. However, since flow conditions in the present experimental study were not varied, pier streamlining warrants further investigation under different hydraulic conditions. The feasibility of applying the streamlined pier to prototype bridges also needs to be further evaluated from the perspectives of structural design and economic benefit before it can be applied in the field with confidence.
Results from the second test set reveal that the MICP treated sand is barely erodible under test conditions in this study. Although no noticeable erosion of the treated sample was observed, sediments at the treatment boundaries are still vulnerable to high velocity flows. This may result in undermining or contact erosion. Further exploration of field implementation strategy and deeper understanding about the erosion mechanism of MICP treated sands are thus needed to promote its industrial scale applications in the field.
